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INTRODUCTION
We previously compared the biological effectiveness of 70 MeV and 250 MeV proton beams, and obtained RBE values close to unity for both 1) . Particle radiotherapy is currently attractive for oncologists as a new and promising modality to treat malignant tumors. The number of proton-therapy facilities in the world has increased in number from 5 to 16 within the last 10 years 2) , and high tumor control rates for localized tumors, including retinal malignant melanomas, have been reported. In 1997, a therapy-dedicated cyclotron was installed in the NCCHE at Kashiwa 3) . Between April and September of 1998, we investigated the biological effectiveness of therapeutic proton beams for cell lethality. Three cell lines, including human origin, were used for in vitro colony formation, while mouse gut crypt survivals provided in vivo response after a single dose of irradiation with 235 MeV proton beams. This energy of protons is used in clinical practice, because the beam intensity is sufficiently high for therapy, and because the depth doses in multiportal irradiation are quite achievable. We used linac 6 MV X rays as a reference beam to obtain proton RBE, which would provide more relevance to clinical practice than low-energy X rays or Co-60 γ rays. We proposed an RBE of 1.1 for 235 MeV proton beams with 10-cm SOBP at the NCCHE.
MATERIALS AND METHODS

Cell lines
Two human cell lines, SCC61 and NB1RGB, and a Chinese hamster cell line V79 were used. Human SCC61 squamous cell carcinoma originated from the head and neck region 4) .
NB1RGB fibroblasts obtained from normal human skin 5) were purchased from RIKEN cell bank (#RCB60222). The p53 status of the two human cell lines is wild type, while that of V79 is the mutated type. Exponentially growing cells were prepared as a monolayer in Eagle's medium (minimum essential MEM) supplemented with 10% fetal bovine serum (FBS). The incubator was kept at 37°C and 5% CO 2 . Cells were plated into 25 cm 2 plastic flasks (Nunc 152094), which were then filled up with a serum-supplemented medium. The plating efficiency of SCC61 cells was ~7% with feeder cells, while that of NB1RGB and of V79 was 40% and ~80%, respectively (no feeder cells). All data collected from repeated experiments were combined. For depth distribution studies, V79 cells were plated on a round-shaped thermanox (Falcon) thin plate of 25 mm in diameter and 0.1 mm thickness. As many as 20 plates, 2 mm apart, were then transferred into a "cell stack chamber", a specially designed acrylate container with a serum-supplemented medium (Fig. 1) . After irradiation, the plates were removed from the chamber to replate cells for colony formation. The cell stack method is superior to the gelatin method 6) , such that the former requires a smaller number of cells to prepare and easier handling than the latter.
Animals
C3H/HeMsNrsf female mice aged 12-18 week-old were used for this study. The animals were produced and maintained in specific pathogen-free (SPF) facilities at the National Institute of Radiological Sciences (NIRS). The mice were transported to the accelerator facility 2 to 4 days before irradiation. All data collected from repeated experiments were combined. A total of 114 mice were used for the experiments, with 3 mice for each irradiation-dose point.
Irradiation
Horizontal proton beams were accelerated up to 235 MeV by the cyclotron at the NCCHE. The Bragg peak at 272 mm depth in water equivalence was spread out by a bar ridge filter, producing an SOBP of 10 cm width (Fig. 2) . Proton beams perpendicularly spread by a double-scattering method 7) were shaped down by a brass collimator to form a filed size of 11 cm × 11 cm. This provided a field of 97 mm in diameter with a homogeneity of 2.5% dose difference. Dosimetry was conducted using JARP Farmer type dosimeter 8, 9) . The cell stack chamber was irradiated with protons such that a dose of 7 Gy was delivered to 220 mm depth in water equivalence. For dose-response studies, the irradiation depth was adjusted by placing polyethylene plates of appropriate thickness at a position between the collimator and the samples. Mouse gut and cells were irradiated at either the entrance plateau of 77 mm-or the SOBP of 220 mm-depth in water equivalence. The dose rate ranged from 1.6 to 2.7 Gy/min. Mice were intraperiotoneally injected with pentobarbital anesthesia of 50 mg/kg. Being taped down on an acrylate plate, the mice received to the abdomen a single dose with either proton or X rays in the ventral-to-dorsal direction. Reference beams of 6 MV X rays were generated by a linac therapy machine at the NCCHE. A polyethylene block of 50 mm thickness was placed at a position between the collimator and the samples. The lateral dose distribution within a 2.5% dose difference was provided by the collimator for a field size of 10 cm × 10 cm. The dose rate was 2.7 Gy/min. Irradiation was carried out at room temperature, and the experiments were repeated twice.
in vitro cell survival assay Cells were brought back to the NIRS immediately after irradiation. NB1RGB and V79 cells were replated into 60 mm plastic dishes for survival assays. SCC61 cells were, without replating, returned to the incubator. After 7-and 14-day incubation at 37°C for V79 and human cells, respectively, colonies were stained with a solution of either methylene blue or crystal violet. The number of colonies per dish was counted, and the surviving fractions were calculated as the ratio of the plating efficiencies for irradiated and unirradiated cells.
in vivo crypt survivals
Irradiated mice were kept alive in animal facilities at the NCCHE for 3.5 days after irradiation. Jejunum was removed and cut into 10 pieces with 3 mm length each. Fixed in a 10% neutral formalin for several days, jejunum samples were processed to a histology preparation of H & E staining. The number of crypts per transverse circumference was counted microscopically, and averaged to plot on a semilogarithmic scale against the dose. We previously used this crypt survival assay for RBE studies of carbon ions 10) .
Survival parameters and RBE
In vitro dose-cell survivals were fitted to the linear quadratic model. A multiple= regression analysis was used to calculate the means and standard deviations for the α and β values of each cell line. The dose required for reducing surviving fraction to 10% was calculated by using these α and β values (here termed D 10/cell ). The crypt survivals were fitted to an expo-nential function. The mean and standard deviations were obtained for each D 0 value. The dose required for reducing the number of crypts per circumference down to 10 was calculated (here termed D 10/crypt ). The RBE was calculated by comparing the D 10 values of proton beams with those of 6 MV X rays (designated as RBE (D10) ).
RESULTS
Cell and crypt survivals
The dose-response curves for in vitro cell lines are shown in Fig. 3 . SCC61 cells possessed curvilinear survival curves, and were moderately radiosensitive (Fig. 3 a) . The SOBP proton killed SCC61 cells slightly more efficiently than the linac X rays, while the plateau proton showed a survival curve indistinguishable from the linac X rays. Human fibroblasts NB1RGB showed a trivial bend on the survival curve of linac X rays (Fig. 3 b) . The dose responses after proton irradiation were similar between the SOBP and the plateau, and were marginally steeper than those after experiencing linac X rays. V79 Chinese hamster cells were most radioresistant among the three cell lines used here, exhibiting a distinct bend with a pronounced curvature (Fig. 3 c) . The surviving fractions after SOBP proton irradiation were lower than those after experiencing linac X rays for all dose points. The plateau proton showed a survival curve similar to that of the linac X rays. The crypt survivals in logarithm were well fit to linear regression against the dose in normal scale (Fig. 3 d) . The SOBP proton reduced crypt cells as efficiently as the linac X rays, while the plateau proton was least effective.
The survival parameters for linac X rays and protons are listed in Table 1 . For SCC61 cells, the α values tended to be larger than that of the linac X rays, while the β values remained stable. The ratio of α /β was 1.460 Gy -1 for X rays, and increased to 5.532 Gy -1 for the SOBP proton, even though the increase was statistically insignificant. The α / β ratios of NB1RGB cells were constant, irrespective of the radiation qualities. Both the α and β values of any protons were marginally larger than those of linac X rays. V79 cells possessed an α / β ratio similar to that of NB1RGB cells after linac X-ray irradiation. The plateau proton produced a smaller α, but a larger β, than the linac X rays, resulting in a smaller α /β ratio of 6.977 Gy -1
. The SOBP proton showed an α value similar to that of linac X rays. The D 0 values of gut crypt cells ranged from 1.32 Gy and 1.41 Gy, and were similar between protons and linac X rays.
RBE
The D 10 and RBE (D10) values are listed in Table 2 . SCC61 showed a D 10/cell of 3.87 Gy for linac X rays, and presented RBE (D10) values of 1.0 and 1.2 for the plateau proton and SOBP, respectively. Protons at any position required a slightly smaller D 10/cell than did linac X rays for NB1RGB fibroblasts, and showed a common RBE value of 1.1. V79 cells possessed the largest D 10/cell after linac X rays among the three cell lines. The D 10/cell after experiencing plateau protons was similar to that after experiencing X rays, while the D 10/cell after experiencing 3) mean and sd SOBP protons was marginally small. In gut crypt survivals, linac X rays of 14.22 Gy were required for D 10/crypt , while a D 10/crypt of 15.10 Gy was for plateau protons. The proton SOBP showed a D 10/crypt similar to that of linac X rays, and resulted in an RBE value of unity.
Depth distribution of effectiveness
The cell lethality along the proton beam path was investigated. The relationship between the surviving fraction and the depth is shown in Fig. 4 . The surviving fraction after 7 Gy was 0.071 for the cell stack chamber (223 mm depth), similar to 0.0074, which was obtained for the culture bottle (220 mm depth; Fig. 3c ) . The surviving fraction was 0.147 at the entrance (18 mm depth in water equivalence), and gradually decreased with depth. The surviving frac- where the two constants, α and β, are those experimentally obtained for the 220 mm depth (Fig. 3c) . The estimated survivals well fit to the experimental survivals, including the fall-off edge of beams. The distal end of SOBP showed a tendency that the experimental survivals were lower than the estimated values.
DISCUSSION
We have reported here the RBE values of 235 MeV proton beams accelerated by a cyclotron at the NCCHE at Kashiwa. The employed reference beams were 6 MV X rays, which have been clinically used in the hospital. The biological effectiveness of 6 MV X rays was smaller by 10% than that of 200 kVp X rays for our cell lines (unpublished data). The RBE of particle beams generally depends on several factors, including LET, dose per fraction and biological system. In radiotherapy, the RBE for fast neutrons varies from 2 to 5, while that for protons ranges within smaller limits, i.e.,1.0 to 1.2 11) . The present results show that a RBE (D10) of 235 MeV proton beams ranged between 1.0 and 1.2 for in vitro cell kill, and coincided with other reports 12) . The RBE (D10) of protons for gut crypt cells in the present study was 1.0 or smaller. This does not support an opinion that the gastrointestinal tissues may be relatively more sensitive to protons 12) .
The RBE of protons could depend on fraction size. Using α and β values in the present studies, the isoeffect doses of protons that match SF 2 (surviving fraction produced by 2 Gy of X rays) were calculated to obtain the RBE values at SF 2 , i.e., RBE (SF2) . The RBE (SF2) values of the plateau protons for NB1RGB and V79 were 1.1 and 0.9, respectively, while those of the SOBP protons for NB1RGB and V79 were 1.1 and 1.1, respectively. These RBE values at the SF 2 were similar to those obtained at D 10 in the present study. However, the RBE (SF2) values of plateau-and SOBP protons for SCC61 were 1.1 and 1.5, respectively, and slightly larger than the RBE (D10) values. SCC61 cells after X ray irradiation showed smaller α-and α /β values than the other two cell lines. The high LET component of the distal SOBP protons (see discussion in the next paragraph) could be important for cells with small α-and α /β values. The RBE values for late complications of normal tissues, which also show small α / β values, could be large after distal SOBP proton irradiation. The RBE of protons does not depend on the dose for mammalian tissues 13) , even though the alpha/beta ratios may affect the proton RBE for cultured cells 14) . The RBE values obtained for 235 MeV proton beams at the NCCHE appears to be identical to those obtained for other clinically-used protons with energy ranging from 70 to 200 MeV 12, 15, 16) . Accordingly, an RBE value of 1.1, which has been used at other institutes, could be applied to high-energy protons, such as 235 MeV. Protons with a small RBE contrast with carbon ions with large RBE values 17, 18) . The depth distribution of biological effectiveness using the cell stack chamber showed that the distal end of 10-cm SOBP was more effective than the proximal half of SOBP (Fig.4) . In the present study, the RBE tended to depend on the depth, such that the SOBP position showed larger RBE values than the plateau for all biological systems, except for NB1RGB fibroblasts ( Table 2 ). The RBE dependence on depth may be caused by a high LET component at the distal end of the SOBP proton 19) . The RBE dependence on depth is reported for protons with low energy (65-70 MeV) 20, 21) , but not clear for high-energy 200 MeV protons 22) .
In conclusions, we propose a RBE of 1.1 for a 235 MeV proton with 10-cm SOBP at the NCCHE. Further studies are warranted to investigate the biological effectiveness in a SOBP narrower than 10 cm, where the RBE values could be greater than the 1.1 obtained in the present study.
